A pure and well crystalized yttrium doped hafnium oxide Hf 0.69 Y 0.31 O 2-δ (YSH) is obtained by using a modified solid state reaction method, where a water-based milling medium and freeze drying are implemented to reduce the agglomeration. The mean sizes of the YSH powder, which is obtained through a traditional alcohol-based milling method, is more than 1 um. However, the powder size can be reduced to 100 nm by using the water-based milling method. In addition, the calcination temperature can be lowered 200 ℃ to get a pure phase by using the water-based milling method, compared to the alcohol-based milling method. The relative density of YSH ceramic materials can reach to 97.5% by conventional sintering at 1650 ℃ after during 10 h.
Introduction
HfO 2 has a monoclinic crystal structure at room temperature. It can be considered to have a distorted cubic fluorite structure. Therefore, it can be transformed into a cubic fluorite structure by stabilizers, such as CaO, MgO, Y 2 O 3 , or rare-earth oxides (1) . As the paragenetic mineral of hafnia, zirconia is already used in many different areas due its combination of mechanical, electrical, thermal and other properties (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . One of these typical applications is a solid oxide fuel cell electrolyte by using yttria stabilized zirconia (8YSZ). However, there exit few studies on the conductivity of hafnia-based compounds used as solid oxide fuel cells electrolyte (15) (16) (17) (18) . Even if such research exits, the research is mainly focused on the oxygen ion conductivity. None of them have investigated the potential protonic conductivity of yttria doped hafnia. However, in view of the low activation energy of protons during the transport process, there is a growing interest to explore protonic-conducting ceramics electrolytes (19) (20) (21) . Wagner et al. (22) first reported the protonic conductivity of a single crystal YSZ working at 1000 ℃. After that, several studies of the protonic conductivity were carried out on dense YSZ (23) (24) (25) and (CeO 2 ) 0.9 (GdO 1.5 ) 0.1 (26) at high temperature working conditions (more than 800 ℃). However, no obvious protonic conductivity was observed. In contrast, researchers found that there is an enhanced protonic conductivity when the testing temperature is lower than 150 ℃ (27) (28) (29) (30) (31) (32) (33) (34) . In order to investigate the potential protonic conductivity and the relative applications of hafnia-based compounds, the compound Hf 0.69 Y 0.31 O 2-δ (YSH) was synthesized in this study. In addition, the advantages of the waterbased milling method were discussed also.
Experimental

Powder synthesis
HfO 2 and Y 2 O 3 powders were bought from Alfa Aesar Company (Germany) with a purity of 99.99%. The 70 mol.% HfO 2 and 30 mol.% Y 2 O 3 powders were mixed and milled in a planetary ball-mill for 10 h. A traditional alcohol-based milling method and a water-based milling method was used in this study. In the alcohol-based milling method, isopropanol was used as the milling dispersant; in the water-based milling, deionized water, PVA, PEG, PAA and ammonia were used as the milling dispersant. Then, the mixed powder slurry was dried in a normal oven at 80 ℃ for the alcohol-based method, or in a freeze-drier for the water-based milling method. Thereafter, the dried powder mixture was calcined from 1300 to 1500 ℃. During this calcination process, a heating rate of 5 ℃/min and a cooling rate of 25 ℃/min was always used.
Sintering
The synthesized powder was milled and dried again by using the water-based milling method. All of the pellets were formed under pressures ranging from 100 to 500 MPa and during 5 min. After that, the pellets were sintered at a temperature of 1650 ℃ and during 10 h.
Characterization
The phase purity and structure were characterized by XRD, using a Philips X'pert X-ray diffractometer equipped with a graphite monochromatized Cu Kα radiation (λ =1.540598 Å). The morphologies of the YSH powder and pellet were taken by a JSM-7000F scanning electron microscopy (JEOL Ltd., Japan). The relative density was calculated by the Archimedes method by using a water medium.
Results and discussion
XRD analysis
As shown in Fig. 1 , it is clear that the water-based milling method and the cooling rate influence the phase purity significantly. In the alcohol-based milling method, it is difficult to obtain a designed YSH compound after one milling cycle followed by calcination at a low temperature of 1300 ℃ (Fig. 1a) and 1400 ℃ (Fig. 1b) . In order to obtain a pure phase, more milling and calcination cycles were used, which can improve the powder quality remarkable. But, some yttrium oxide still remained after a calcination at a temperature of 1300 ℃ after 5 cycles and a temperature of 1400 ℃ after 3 cycles. If the calcination temperature is further increased up to 1500 ℃, a pure YSH phase can be obtained. In this case, only 1 cycle is needed (Fig. 1c) . However, a pure phase YSH powder can be obtained after one milling cycle followed by a calcination at 1300 ℃ when using water-based milling method. Such a 200 ℃ difference should be attributed to the improved oxide powder mixture homogeneity. As a common knowledge, alcohol is always recommended as the standard dispersant for most powder materials, but it is clear that the low surface tension provided by alcohol is still not good enough for delicate request in homogeneous mixing. It is necessary to provide extra mechanism, such as electrostatic stabilization, to promise a good mixing state when multi-component system is studied. It can be easily realized by adjusting pH value of water-based milling medium. In addition, the cooling rate can also influence the phase structure (Fig. 1d) . The main composition of the obtained powder is HfO 2 and Hf 2 Y 2 O 7 , when a lower cooling rate was used (around 5 ℃, same as heating process rate). In contrast, the pure designed Hf 0.69 Y 0.31 O 2-δ (YSH) can be obtained when a fast cooling rate (more than 25 ℃) was used. Thus, it is important to choose a fast cooling rate to get a pure phase YSH. Based on this, water-based milling method and a fast cooling rate were chosen in the following experiment. Figure 1 . XRD patterns of synthesized powders by alcohol-based milling method calcined at (a) 1300 ℃, (b) 1400 ℃ and (c) 1500 ℃. Also, XRD data is shown for synthesized powders prepared by the water-based milling method that calcined at (c) 1300 ℃ and (d) 1300 ℃ but using a different cooling rate.
SEM analysis
The sizes and morphologies of the obtained YSH powders show big differences when using different preparation methods. The YSH particles, prepared by the alcohol-based milling method, have an irregular shape and the mean size is more than 1 um (Fig. 2a) . However, the mean size of an YSH powder, prepared by water-based milling method, can be lower to nano-scale (around 100 nm) (Fig. 2b) . But, part of particles will be agglomerated into a big particle after calcination. Thus, it is better to milled again by using the water-based milling method to get better dimensional homogeneity. Based on XRD and SEM results, it is proven that the water-based milling method followed by freeze dying process can improve the quality of the powder significantly.
Currently, the solid state reaction method is still the main used method for the preparation of ceramic materials. Despite the advantage of its low manufacturing cost and simplicity, it usually requires multiple repetitions of prolonged thermal treatments and grindings to reach satisfactorily results. This is also confirmed by the XRD results in this study (Fig. 1a-b) . As a consequence, an uncontrolled crystalline growth can occur. This, in turn, could induce chemical and grain-size non-uniformities (Fig. 2a) .
Alcohol is recommended as the standard dispersant for most powder materials, but it is clear that the low surface tension provided by alcohol is still not good enough for adequate homogeneous mixing. In this work, organic binders were used in the water-based milling method, which is followed by freeze-drying. This method can provide a better electrostatic stabilization through simply adjusting the pH value to 10. The milling slurry was firstly frozen by liquid nitrogen. Then, the surrounding pressure was reduced to allow the frozen water in the precursor to sublimate directly from the solid phase to the gas phase. By using the simple freeze and sublimation processes, the uniform state in a solution could be retained to obtain precursors which have been mixed at an atomic level. Besides this, the calcination temperature can be lowered several hundred degrees. Also, an improved sintering behaviour and properties have also been reported in previous research (35) (36) (37) (38) (39) (40) (41) . 
Relative density analysis
A dense pellet is needed for solid oxide fuel cells application. Fig. 3 shows the influence of compaction pressure on the final relative density. It is clear that an increased compaction stress will lead to a rapid increase in the final relative density. More specifically, the relative density is only 74.6% when a pressure of 100 MPa was used. However, the relative density can increase linearly to 96.3% when a 400 MPa pressure was used. If the pressure is further increased up to 500 MPa, only a gentle 1.2% increasement is obtained (reach to 97.5%). In addition, the green body starts to crack if the pressure continue to increase to a value higher than 500 MP. In order to get the dense pellet for a conductivity test, a 500 MPa pressure is used for the pellet preparation. Also, it is sintered by the conventional sintering method. 
Conclusions
Water-based milling method can improve the powder quality significantly compared to the conventional alcohol-based method. A pure and well crystalized YSH powder can be obtained by the alcohol-based milling method after calcination at a temperature of 1500 ℃ and 1300 ℃ by the using water-based milling method along with a fast cooling rate. Besides the 200 ℃ lower calcination temperature, the mean size of the prepared YSH, using the waterbased milling method, can be reduced from micro-meters (more than 1 um) to nano-meters (around 100 nm). Moreover, the homogeneity is higher when using the water-based milling method. In addition, the relative density of an YSH ceramic material can reach to 97.5% by conventional sintering at 1650 ℃ for 10 h. The modified solid state reaction method can also be extended to the fabrication of other difficult sintered materials. Finally, it should be mentioned that the oxygen ion conductivity and protonic conductivity of YSH pellets will be further studied in following research work.
